INTRODUCTION
T h e degenerate t h i r d o r d e r nonlinear susceptibility x (~) (w;w,-w,w), defined as x (~) w , is a v e r y interesting and technologically important optical p r o p e r t y . / l / The dielectric function, c(w), f o r isotropic materials w i t h a nonzero x (~) changes linearly w i t h t h e l i g h t intensity, 1,:
c(w,l) = c O ( w ) + 4i7 x(3) ( @ ) I T h i s nonlinear ( i n t e n s i t y dependent) behavior of the dielectric function c contributes t o many well-known optical effects as optical bistability, selffocusing, self-trapping and self-bending o f light, four wave mixing, phase conjugation, etc.
/2-4 / These effects a r e essential t o all optical signal processing. /4-5/ The dispersion relations o f t h e optical normal modes, e. g .
surface electromagnetic waves and waveguide modes, f o r systems containing nonlinear materials a r e also intensity dependent as t h e dispersion relations of t h e normal modes are generally functions o f t h e dielectric functions.
I n t h i s w o r k we shall limit o u r discussion t o surface electromagnetic waves.
T h e r e has been considerable i n t e r e s t i n nonlinear surface electromagnetic waves./6/ I t has been shown t h a t a s-polarized nonlinear surface electromagnetic wave exists /7-8/ and t h a t a p-polarized surface electromagnetic wave is allowed a t a uniaxial nonlinear interface even though t h e zero f i e l d dielectric functions, c,, of both media are positive. 
has also been shown t h a t u n d e r l a r g e f i e l d conditions, t h e dispersion o f nonlinear surface electromagnetic waves e x h i b i t s multiple states and t h e r e is a g r e a t deal o f i n t e r e s t i n optical b i s t a b i l i t y phenomena associated w i t h these multiple states./7,10-14/ Experimentally, nonlinear surface electromagnetic waves were o n l y r e c e n t l y observed b y Chen and C a r t e r f o r t w o Ag-GaAs a n d
Ag-Si single interface systems a t wavelengths near l u m /15/ T h e lack of experimental r e s u l t s can b e a t t r i b u t e d , i n part, t o t h e large f i e l d ( a n d t h u s t h e l a r g e i n p u t laser i n t e n s i t y ) r e q u i r e d t o induce a measurable nonlinear dispersion f o r a normal nonlinear material ( e . 9 . CS,).
T h e l a r g e t h i r d o r d e r s u s c e p t i b i l i t y i n semiconductors makes t h e measurement of t h e nonlinear dispersion of SEWS a t t h e metal-semiconductor ( o r u n d e r special conditions, even dielectric-semiconductor) interfaces possible. It also opens u p a new avenue f o r s t u d y i n g t h e nonlinear optical phenomena a t semiconductor-metal interfaces.
I n t h i s paper we will g i v e a b r i e f summary of t h e experimental a n d related theoretical w o r k on t h e subject.
NONLINEAR DISPERSION OF SURFACE ELECTROMAGNETIC WAVES
T h e nonlinear polarization f i e l d Pi created a t t h e f r e q u e n c y w b y a field ( o r fields) of t h e same frequency, f o r an isotropic medium, is given b y /16/
where t h e Einstein summation notation is used f o r repeated indices.
T h e second term i n Eq(1) allows m i x i n g of electric f i e l d at d i f f e r e n t polarizations. 
) ) . T h u s t h e change of t h e dispersion o f a SEW, i n terms o f t h e change of t h e propagation constant Ak// d u e t o t h e p e r t u r b a t i o n
o f t h e dielectric constant, Ar = rNLb, of t h e system can b e obtained via t h e variation theorem /18/:
where P E ( c /~T I ) If ( E x H ) da power c a r r i e d b y t h e SEW which is propagating along x; z is normal t o t h e interface a n d t h e integration i n Eq. (3) is o v e r t h e medium b which is assumed t o occupy t h e z>0 space b (where bz=cNL).
I f we make t h e following assumptions:
so t h a t most of t h e e n e r g y o f t h e SEW is i n t h e nonlinear medium b and b IEz > > E~~{ ; a n d /6,9/ However, t h e uniaxial system is somewhat a r t i f i c i a l a n d i t is h a r d t o f i n d a nonlinear material w i t h t h e uniaxial nonlinear p r o p e r t y .
(2) t h a t t h e f i e l d p r o f i l e of t h e SEW i n t h e nonlinear medium does n o t change appreciably f r o m t h a t of t h e zero
F i g u r e 1 shows t h e nonlinear dispersion o f a SEW calculated b y numerical approaches.
T 
h e calculation was c a r r i e d o u t b y t r e a t i n g t h e nonlinear medium
as multilayers of identical nonlinear media each w i t h a constant dielectric f u n c t i o n depending on t h e electric f i e l d s t r e n g t h o f t h a t l a y e r . / l l / For l a r g e changes of tf o r a g i v e n f i e l d s t r e n g t h has raised t h e p o s s i b i l i t y of optical b i s t a b i l i t y f o r t h e system.
/lO/ We want t o p o i n t o u t t h a t exactly which of t h e t w o states can b e reached i n an experimental ( e i t h e r b y v a r y i n g t h e i n p u t l i g h t i n t e n s i t y o r i n c i d e n t coupling angle) is dependent on t h e i n i t i a l state o f t h e system. U n d e r "pulsed" conditions, ( i . e . , t h e nonlinear dielectric is allowed t o relax back t o t h e zero f i e l d state, as t h e i n p u t condition ( i n c i d e n t angle o r t h e incident laser i n t e n s i t y is changed), t h e h i g h gain state ( t h e u p p e r c u r v e )
cannot b e reached. O n l y u n d e r "cw" conditions, (i.e., t h e nonlinear dielectric constant does n o t relax as t h e i n p u t condition is changed), t h e h i g h qain state can b e reached.
Since most nonlinear materials have a r e l a t i v e l y -small t h i r d o r d e r nonlinear susceptibility (5 1 x 1 0 -~~( e s u ) ) , it is n e a r l y impossible t o achieve t h e cw condition b y u s i n g a cw laser source since t h e l a r g e laser power w i l l damage t h e sample. For nonlinear materials which have , -, a large xL" one may attempt t o observe t h e optical b i s t a b i l i t y u s i n g a cw laser source. However, a (quasi-) cw condition may b e achieved f o r "slow" n o n -l i n e a r i t y cases b y u s i n g a h i g h repetition r a t e pulsed laser where t h e relaxation time of t h e nonlinearity is much longer t h a n t h e pulsed i n t e r v a l .
T h e calculated results of scanning t h e i n c i d e n t angle at f i x e d i n p u t intensities have been r e p o r t e d elsewhere /11/ a n d will not b e discussed here. F i g u r e 2 shows t h e change o f reflected i n t e n s i t y b y v a r y i n g t h e i n p u t l i g h t i n t e n s i t y a t a f i x e d incident coupling angle ( 0 = 60.2') U n d e r t h e "pulsed" condition, t h e reflected i n t e n s i t y (normalized t o t h e i n c i d e n t i n t e n s i t y ) follows t h e solid c u r v e f o r b o t h increasing i n t e n s i t y a n d decreasing i n t e n s i t y cases. T h i s means t h a t it is o n l y possible t o couple i n t o t h e low gain state.
U n d e r t h e "cw" condition, t h e normalized reflected i n t e n s i t y c u r v e follows t h e solid c u r v e as t h e i n t e n s i t y is increased f r o m 0 while t h e reflected i n t e n s i t y follows t h e dashed c u r v e as t h e i n t e n s i t y is reduced f r o m 1 x 1 0 -~ and a hysteresis loop opens.
When an incident angle closer t o t h e zero f i e l d resonant angle (259.4') was used, t h e resonant couplinq occured at a smaller value of 47 - (3) x E~~ ( i . e . , smaller i n p u t i n t e n s i t y ) and, t h e hysteresis window was reduced accordingly.
Both calculations were done f o r a prism-Ag-nonlinear dielectric configuration u n d e r t h e following conditions: X = 3.39 urn; = 16.28; A 9 = -570 + i62 ; E~ = 11.67 a n d s i l v e r thickness of 300 A .
E X P E K I M E N T L CONSIDERATIONS AND DISCUSSION
T h e experimental setup used f o r measuring t h e nonlinear dispersion of SEW has been described i n detail before, /15/ a n d w i l l only b e b r i e f l y mentioned here.
Basically, coupling t o t h e SEW was b y attenuated total reflection ( A T R ) techniques ( e i t h e r via a p r i s m o r a g r a t i n g ) .
T h e nonlinear dispersion was determined b y measuring t h e change o f coupling angle w i t h ,m, i n p u t laser i n t e n s i t y . From t h e nonlinear dispersion t h e values of xlJ) of Si a n d GaAs a t Xelpm were determined. B y u s i n g a collimated laser beam, a n d a h i g h angular resolution spectrogonirneter we could measure x (~) t o b e t t e r Figure 2 . Reflected intensity versus E . ; ' for a prism-metal-nonlinear medium ATR configuration. Figure 3 shows a typical angular scan o f t h e normalized reflected intensity near t h e resonant coupling angle f o r t h e Ag-Si system a t an incident wavelength of l . l l u m f o r both h i g h i n p u t laser e n e r g y (=70uj/pulse) and low i n p u t laser energy ( = l O~j / p u l s e ) . T h e resonant coupling angle was observed t o increase w i t h i n p u t laser intensity. Since a -1 g r a t i n g coupling condition was used, t h e experimental results showed t h a t Ak,, decreases as t h e laser . . i n t e n s i t y increases, and thus, x (~) and ehave opposite signs. T h e " magnitude of x (~) was derived from t h e amount of change dk,/ w i t h t h e given field strength of t h e SEW at t h e Ag-Si interface and was estimated t o be 1 x 1 0 -~ esu.
T h e nonlinear measurement technique can also be used f o r time resolved pump and probe studies, as shown i n F i g u r e 4. Note t h a t t h e pump and probe beams a r e co-linear so t h a t both beams are incident on t h e same sample spot a t the same incident angle.
If t h e time delay between t h e pump and probe beam, T , is shorter than t h e relaxation time of t h e nonlinearity, z, t h e probe beam (a low i n t e n s i t y beam) is under a quasi-cw condition (i.e., t h e system is still under the influence o f t h e pump beam) and t h e dispersion relation measured b y t h e p r o b e beam will be similar t o t h a t o f t h e pump beam (which has a much l a r g e r laser intensity).
If T >> s , t h e p r o b e beam is u n d e r a pulsed condition (i.e., t h e system has r e t u r n e d t o t h e zero f i e l d state) and t h e dispersion relation measured b y t h e probe beam will b e d i f f e r e n t from t h a t o f the pump beam. Therefore, b y using t h e pump and probe technique one can s t u d y not only t h e nonlinear dispersion of SEWs, b u t also t h e dynamics of t h e nonlinearity.
T o include t h e dynamics of t h e SEW, one must b e i n t h e time scale where (a) t h e SEW has n o t decayed and ( b ) has not propagated away. T h e pump and probe setup can also b e modified so t h a t t h e pump and probe beams are n o t co-linear (i.e., t h e two beams have d i f f e r e n t incident angles).
I n this case one can use t h e pump beam t o condition the nonlinear system and then, before t h e system relaxes, p r o b e t h e system w i t h another intensity beam a t a s l i g h t l y d i f f e r e n t angle. T h i s way, one can initiate t h e cw condition w i t h pulsed laser beams and couple t o t h e h i g h gain state at coupling angles where t h e two nonlinear SEW branches a r e s t a r t i n g t o split.
Finally, we want t o p o i n t o u t t h a t t h e nonlinear dispersion relation f o r an uniaxial system i s d i f f e r e n t from t h a t of an isotropic system. T h u s one can use t h e measured nonlinear dispersion t o s t u d y t h e n a t u r e o f optical nonlinearitv a t t h e metal-semiconductor interfaces.
One case of articular interest is t h e G~A S / G~~-~A I~A~ multiple quantum well (MQW) s t r u c t u r e .
1
A t wavelengths near t h e two-dimensional exciton, MQW structures have been -shown t o have a large x (~) i n t h e QW plane. I n t h e direction normal t o t h e plane ( z ) , t h e optical nonlinearity has not been well studied. However, from t h e large differences i n t h e linear electronic and excitonic properties, we -.
. believe t h a t xZ (3) can be q u i t e d i f f e r e n t from x,'~).
The nonlinear dispersion relation o f SEW will address this question. Furthermore, t h e x (3) 5 o f the MQW s t r u c t u r e s is a factor of 10 l a r g e r than t h a t o f t h e silicon, t h u s it is also a promising system f o r s t u d y i n g t h e optical b i s t a b i l i t y phenomena of nonlinear SEWs. 
